Recently, instantaneous wave-free ratio (iFR) or diastolic pressure-ratio (dPR) have been used in practice. For these indices, the reliability of electrocardiography (ECG)-independent algorithm for pressure-only data is essential. The current study sought to compare the current to a new ECG-independent algorithm for calculating resting physiologic indices. The main purpose of developing a new ECG-independent algorithm was to raise the detection rates over the entire heart cycle despite irregular heartbeats. Both iFR and dPR were calculated from resting pressure tracings using current and new algorithms by a core laboratory in 975 vessels (393 patients). The diagnostic performance of resting physiologic indices with a new algorithm to predict fractional flow reserve (FFR) was compared with the current algorithm. Both algorithms provided nearly identical values of iFR or dPR without systemic bias. iFR and dPR, which were calculated using current and new ECG-independent algorithms, provided comparable discrimination ability and diagnostic performance to predict functionally significant stenosis defined by FFR≤0.80. However, detection rates of the new algorithm were significantly higher than current algorithm in the patients with irregular heartbeats (for per patient [59.5% vs. 83.8%] and per unit-heartbeats analysis [84.3% vs. 90.3%]), such as arterial fibrillation or multiple premature ventricular contractions. INDEX TERMS Coronary artery disease, diastolic pressure-ratio, instantaneous wave-free ratio, fractional flow reserve, ischemia. SEUNG-HO HUR received the Ph.D. degree from Dongsan Medical Center, Keimyung University, Daegu, South Korea, in 2005, where he has been a Professor of internal medicine, 2005. His research interest includes the interventional cardiology. BON-KWON KOO received the Ph.D. degree from Seoul National University, Seoul, South Korea, in 2005.
I. INTRODUCTION
The presence of inducible myocardial ischemia is the prerequisite for the benefit of percutaneous coronary intervention (PCI). Given the inherent limitations of coronary angiography to depict the presence of functionally significant epicardial coronary stenosis [1] , [2] , invasive physiologic The associate editor coordinating the review of this manuscript and approving it for publication was Cesar Vargas-Rosales .
indices, fractional flow reserve (FFR) has been a standard method to select functionally significant epicardial coronary stenosis and supported by numerous studies [3] . While additional clinical evidence on FFR is being established, the concept of instantaneous wave-free ratio (iFR), which is measured during resting status without administration of hyperemic agents has been developed. Recent 2 large-scaled randomized controlled trials showed that iFR-guided strategy was non-inferior to FFR-guided strategy for 1-year clinical VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ outcome [4] , [5] . Based on these results, recent guidelines recommend the use of FFR or iFR to guide treatment for patients with coronary artery disease as Class IA recommendation [6] . After development of iFR, new resting pressurederived indices including resting full-cycle ratio (RFR) or diastolic pressure ratio (dPR) have been introduced as other substitutes for iFR [7] - [9] . Since those resting pressurederived indices does not require administration of hyperemic agents, therefore, adoption of those indices is expected to raise the adoption rates of physiologic assessment of patients with coronary artery disease. Among resting pressure-derived indices, both iFR and dPR require the identification and selection of certain period during diastolic phase. Although the former algorithm used electrocardiographic (ECG) signal which was used in the 2 representative trials of iFR-guided strategy [4] , [5] , the calculating algorithm has recently been modified with pressure-only measurement and is currently used in daily practice [10] . However, only 1 study compared agreement between iFR values from ECG-dependent and independent algorithms [10] . As ECG-independent identification of diastolic phase depends on reliable detection of maximum and minimum aortic or distal coronary pressures, consistent detection of the specific heart cycle might be limited in cases of irregular heart rate, such as arterial fibrillation (AF) or presence of multiple premature ventricular contractions (PVCs). Although per-vessel iFR or dPR averages values from 5 consecutive heart cycles, improper or missed detection of heart cycle(s) would be problematic in pullback tracing resting physiologic indices, which plot instantaneous values from 1 heart cycle. However, there has been no study which evaluated the reliability of ECG-independent algorithm in calculation of iFR or dPR.
In the current study, we sought to compare the reliability of iFR or dPR and detection rates for entire heart cycles between currently available ECG-independent algorithm and the newly proposed ECG-independent algorithm.
II. METHODS

A. STUDY DESIGN AND PATIENT POPULATION
The study population was derived from the 3V FFR-FRIENDS study (3-vessel fractional flow reserve for the assessment of total stenosis burden and its clinical impact in patients with coronary artery disease, NCT01621438) which was designed to investigate the clinical relevance of total stenosis burden assessed by 3-vessel FFR measurement. 1 Patients with depressed left ventricular systolic function (ejection fraction <35%), acute ST-elevation myocardial infarction within 72 hours, previous coronary artery bypass graft surgery (CABG), chronic renal disease, abnormal epicardial coronary flow (TIMI flow <3) or planned CABG after diagnostic angiography were excluded. Among the main study cohort, 975 vessels (393 patients) with available native vessel resting pressure tracings and FFR were selected for the current study. The enrolled patients were included in other published studies [1] , [2] , [9] , [12] . The study protocol was approved by the Institutional Review Board or Ethics Committee at each participating center (Samsung Medical Center, Keimyung University Dongsan Medical Center, Ulsan Hospital, Inje University Ilsan Paik Hospital, Seoul National University Hospital), and all patients provided written informed consent.
The study was executed in accordance to the principles of the Declaration of Helsinki and the ICH-based GCP Rules.
B. ANGIOGRAPHIC ANALYSIS AND QUANTITATIVE CORONARY ANGIOGRAPHY
Coronary angiography was performed using standard techniques. Angiographic views were obtained following the administration of intracoronary nitrate (100 or 200 µg). All angiograms were analyzed at a core laboratory (Seoul National University Hospital) blinded to other data. Quantitative coronary angiography was performed in optimal projections with validated software (CAAS II, Pie Medical System, Maastricht, Netherlands).
C. CORONARY PHYSIOLOGIC MEASUREMENTS
All coronary physiologic measurements were obtained after diagnostic angiography as previously described. Briefly, a 5-7Fr guide catheter was used to engage the coronary artery. The pressure-temperature sensor guide wire (Abbott Vascular, Santa Clara, CA, USA) was zeroed and equalized to aortic pressure, and then positioned at the distal segment of a target vessel. Intracoronary nitrate (100 or 200 ug) was administered before each set of physiologic measurements. Resting Pd/Pa was calculated as the ratio of mean distal coronary artery pressure (Pd) to mean aortic pressure (Pa) in resting state.
iFR was calculated using automated algorithms acting over the wave-free period over a minimum of 5 beats, as previously described [2] , [12] , [13] . dPR was also calculated from each individual waveform as an average Pd/Pa over the entire period of diastole, as previously described [7] . Both iFR and dPR were calculated using 2 different ECG-independent calculation algorithms, which are specifically described below.
Continuous infusion of adenosine (140 µg/kg/min) was used to induce hyperemia. Hyperemic proximal aortic pressure (Pa) and distal arterial pressure (Pd) were obtained, and FFR was calculated as the lowest average of 3 consecutive beats during adenosine infusion. After measurements, the pressure wire was pulled back to the guide catheter and the presence of pressure drift was checked. All pressure readings were collected and validated at the core laboratory in a blinded fashion.
D. DERIVATION OF RESTING PRESSURE-DERIVED INDICES USING ECG-INDEPENDENT ALGORITHM
Detection of heart cycle based on pressure-only data using an ECG-independent algorithm requires the identification of maximum and minimum values of aortic and distal coronary pressures, called peak and valley, respectively. The current and new ECG-independent algorithms differ in their identification of the peaks and valleys of the pressure tracings. All resting pressure tracings were analyzed using Matlab (Matlab2013a, MathWorks, Natick, MA, USA).
E. CURRENT ALGORITHM: BIG-BAR ALGORITHM FOR DIASTOLIC PERIOD SELECTION
The current algorithm (big-bar algorithm) [14] detects peaks and valleys by measuring the slope of pressure curves. Fig. 1 shows the overall operation of the big-bar algorithm. When the sign of slope translates from positive to negative, the position corresponds to a peak being detected. A valley is a location where the sign changes from negative to positive. The slope of a pressure curve is defined by the slope from a bar laying from a present sample to a previous sample, and away from the present sample by bar size. The bar size is one third of the length from a peak to a valley in the previous heart cycle. Even if the heartbeat changes slowly, the algorithm is designed to adapt to the variance of the bar size determined in the previous heart cycle. Once the slope curve crosses zero points, candidate points for peaks and valleys are the samples before the zero crossing by 1.25 times and 0.5 times of the bar size, respectively, which are empirically estimated. The candidate regions are defined by bar size around the candidate points. The real peaks and valleys are defined by the maximum and the minimum pressure within the candidate region, respectively. The bar size determines sensitivity to the fluctuation of the pressure curve. For example, the larger bar size works with the slower heart cycle, and the smaller one with more rapid cycles. Although bar size is adaptable to heart rate, in case of rapidly varying heartbeat, e.g. AF or multiple PVCs, an elongated bar, determined by the previous slower heartbeat, may not be applicable to a shorter heart cycle in the following heartbeat, thereby missing detection of the diastolic period. Also, the reduced bar size caused by a shorter previous heart cycle will detect noisy pressure fluctuations, causing zero-crossings unrelated with diagnostic windows.
F. NEW ALGORITHM: FILTER-BASED ALGORITHM FOR DIASTOLIC SELECTION
The main purpose of developing a new ECG-independent algorithm was to raise the detection rates over the entire heart cycle, despite presence of AF or multiple PVCs. Fig. 2 shows the overall operation of the new algorithm (filtered algorithm). Pressure peaks and valleys are found out of low pass filtered Pd or Pa curves having minimized noisy glitches or humps. The candidate regions for peaks and valleys are decided by the values over and less than a threshold, respectively. The threshold is calculated by averaging the samples from a current to 100 samples behind the current filtered pressure value, which are outputs of a 17-tap low-pass filter having 1.25 Hz cutoff frequency. Therefore, the threshold level is adaptively adjusted as the pressure level changes. Real valleys and peaks are found by searching minimum values within the valley candidates and maximum pressure within peak candidates, respectively. Since the mean pressure level does not change as much as an irregular heartbeat, the algorithm is less sensitive to the changes of heart cycle length.
G. DERIVATION OF IFR AND DPR AFTER DETECTION OF PEAK AND VALLEY OF THE PRESSURE
Once a peak and a valley in a heart cycle are found, diagnostic windows can be determined by the definition of resting VOLUME 7, 2019 physiologic indices, after detection of the dicrotic notch, by searching the maximum downslope from the peak to the valley. iFR defines the wave-free period from 25 % of the diastolic phase after the dicrotic notch to 15 % of the diastolic phase before the valley [2] , [12] , [13] . dPR is the ratio of Pd and Pa from dicrotic notch to the valley [7] .
H. ADJUSTMENT OF SIGNAL DELAY BETWEEN AORTIC AND DISTAL CORONARY PRESSURES
Due to data acquisition being derived from separate pressure sensors, there is a temporal delay between the signals from distal coronary pressure and aortic pressure along the time axis. In this regard, the new ECG-independent algorithm adopted the real-time alignment of the temporal delay before each measurement.
I. ASSESSMENT OF DETECTION RATES FOR ENTIRE HEART CYCLES
The detection rate was assessed for the entire study cohort, wherein 79 cases showed irregular heartbeats, including PVC or AF, and were therefore separated for further assessment. Detection rates for entire heart cycles were calculated by counting the number of missing heart cycles within the first 5 beats, which are used for derivation of physiologic indices. Detection rates per case were the ratio of the number of measurement cases showing missing heart cycles over the total number of cases. The detection rates were then compared between the current and new ECG-independent algorithms in patients with AF or multiple PVCs.
J. STATISTICAL ANALYSIS
Data were analyzed on a per-patient basis for clinical characteristics and on a per-lesion basis for the other analyses. Linear regression analysis was used to estimate the correlation coefficient between quantitative variables. For per-lesion analyses, a generalized estimating equation (GEE) was used to adjust intrasubject variability among vessels from the same patient. No post-hoc adjustment was performed. The agreement of iFR or dPR, according to current or new ECG-independent algorithm, was assessed by Cronbach alpha and intraclass correlation coefficient (ICC). Diagnostic performances of iFR values derived from different ECG-independent algorithms to predict functional significance defined by FFR were presented with sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and diagnostic accuracy, and compared using McNemar's test. Discriminatory function was evaluated using area under the curve (AUC) in receiver operating curve (ROC) analysis, and AUC was compared with the DeLong method. Detection rates of different ECG-independent algorithms were assessed per-patient and per-unit heart rates (5 beats). For the analysis, cut-off values of ≤0.80, ≤0.89, and ≤0.89 were used for FFR, iFR, and dPR, respectively. All probability values were two-sided and p-values <0.05 were considered statistically significant. Table 1 shows the characteristics of the study population and target lesions. Most patients presented with stable angina (85.8%) and an intermediate stenosis with mean angiographic diameter stenosis of 44.2±17.5%, mean FFR of 0.87±0.11 (median: 0.90, Q1-Q3: 0.81-0.95), and median SYNTAX score of 11.0 (Q1-Q3: 7.0-18.0). Among the 975 lesions, 218 lesions (22.4%) were with low FFR (≤0.80).
III. RESULTS
A. CHARACTERISTICS OF PATIENTS AND LESIONS
B. CORRELATION AND AGREEMENT OF IFR AND DERIVED FROM DIFFERENT ECG-INDEPENDENT ALGORITHMS
The iFR values derived from current and new ECGindependent algorithms showed strong correlation (R=0.989, p<0.001) and agreement (Cronbach alpha=0.995, ICC= 0.995, P<0.001). In Bland-Altman analysis, there was no systematic bias in iFR value derived from ECG-independent algorithms (bias −0.0009, SD 0.013, 95% limit of agreement −0.028 to 0.026). The dPR values from the current and new algorithms also showed strong correlation (R=0.994, p<0.001) and agreement (Cronbach alpha=0.995, ICC=0.995, P<0.001). In addition, there was no systematic bias between the two dPR values (bias −0.0004, SD 0.012, 95% limit of agreement −0.024 to 0.023) ( Fig. 3 ). Table 2 and Fig. 4 summarize the diagnostic performance of iFR and dPR derived from the current and new ECG-independent algorithms. The correlation of iFR values from two different algorithms with FFR were not different (p=0.134). For the detection of functionally significant stenosis defined by FFR≤0.80, iFR values from the current and new ECG-independent algorithms showed comparable AUC (0.871 vs. 0.879, p=0.073) and diagnostic accuracy (85.5% vs. 86.4%, p=0.099). Similarly, the correlation of dPR values from current and new algorithms with FFR were also similar (p=0.218). In addition, AUC (0.879 vs. 0.884, p=0.224) and diagnostic accuracy (86.3% vs. 86.8%, p=0.332) of dPR values were also comparable between the current and new ECG-independent algorithms ( Table 2 and Fig. 4 ). Table 3 presents comparison of detection rates between the current and new ECG-independent algorithms. For all measurements, the current algorithm performed with 92.0% and 97.2% of detection rates per patient and per unitheartbeats, respectively, while the new algorithm showed 99.4% and 99.8%, respectively (p values were <0.001 for both comparisons). Among patients with AF or multiple PVCs, the detection rates dropped to 59.5% (per patient) and 84.3% (per unit-heartbeats) with the current algorithm. Although the new ECG-independent algorithm also showed decreased detection rates (83.8% and 90.3%, respectively for per patient and per unit-heartbeats analysis, respectively), detection rates of the new algorithm were significantly higher than the current algorithm (p values were 0.010 and 0.014, respectively for per patient and per unit-heartbeats analysis) ( Table 3 ). Fig. 5 demonstrates representative examples of multiple PVCs and the difference in detection rates between the current and new ECG-independent algorithms. Fig. 6 presents the influence of improper detection of cardiac cycle to instantaneous values of iFR or dPR in each cardiac cycle. Current algorithm provided falsely lowered or elevated iFR or dPR values in improperly selected diastolic periods (Fig. 6 ).
C. COMPARISON OF DIAGNOSTIC PERFORMANCE OF IFR AND DPR DERIVED FROM DIFFERENT ECG-INDEPENDENT ALGORITHMS FOR FFR
D. DIFFERENCE IN DIASTOLIC PERIOD DETECTION RATES BETWEEN CURRENT AND NEW ECG-INDEPENDENT ALGORITHMS
IV. DISCUSSION
The current study evaluated the clinical relevance of a new ECG-independent algorithm in calculating iFR or dPR, as compared with the current ECG-independent algorithm. The main findings were: (1) Both current and new ECG-independent algorithm provided nearly identical values of iFR or dPR without systematic bias. (2) iFR and dPR which were calculated using current and new ECG-independent algorithms provided comparable discrimination ability and diagnostic performance to predict functionally significant stenosis defined by FFR≤0.80. (3) However, the new ECGindependent algorithm showed superior detection rates of heartbeats compared with the current algorithm. The superior detection rate of the new algorithm was marked, especially in patients with irregular heartbeats, such as AF or multiple PVCs.
In determining the functional significance of coronary stenosis, pressure-derived physiologic indices have been used in clinical practice. FFR has been a standard method to select functionally significant epicardial coronary stenosis and supported by numerous studies [3] . While additional clinical evidence on FFR is being established, the concept of iFR has been introduced, and the iFR-guided strategy was claimed to be non-inferior to the FFR-guided strategy for 1-year clinical outcomes in 2 large-scaled randomized controlled trials [4] , [5] . Furthermore, an iFR-guided strategy possesses: 1) less revascularization with similar clinical outcome with FFR-guided decision; and 2) reduced medical cost and patient discomfort during the procedure with absence of adenosine infusion. Taken together, recent guidelines therefore recommend the measurement of FFR or iFR in defining the functional significance of intermediate epicardial coronary stenoses as a Class IA recommendation [6] . After the development of iFR, other resting pressure-derived indices, dPR or RFR, have been introduced in daily practice, and recent studies demonstrated identical diagnostic performance [7] , [8] and prognostic implications among iFR, RFR, and dPR [9] . Given that resting pressure-derived indices are easy to incorporate into daily practice, it is expected to increase the adoption rate of physiologic interrogation.
Despite the nearly identical diagnostic and prognostic properties among iFR, dPR, and RFR, the former 2 indices require identification and selection of the diastolic period during the entire heart cycle. Although the initial iFR algorithm used the ECG signal to select landmarks of the heart cycle, the contemporary algorithm uses an ECG-independent selection of diastolic period using pressure-only data [10] . Similarly, the current algorithm of dPR also requires identification of the diastolic period based on pressure-only data [7] . Given the increasing need of resting physiologic indices in daily practice coupled with the recommendation from the guidelines, developing an accurate and proper algorithm is VOLUME 7, 2019 of greater importance. However, only 1 previous study evaluated the reliability of iFR derived from an ECG-independent algorithm using pressure tracings of 320 lesions [10] . Furthermore, the reliability of an ECG-independent algorithm has never been tested in the presence of irregular heartbeats, such as AF or multiple PVCs. In addition, although the iFR or dPR values use averaged values from 5 consecutive heart cycles, the pullback tracing (iFR Scout or dPR pullback) uses instantaneous values from continuous tracings [11] . Therefore, reliable detection of every heartbeat would also be important in the development of reliable pullback tracings. Fig. 6 demonstrates the influence of wrong or missing cardiac cycle detection on the instantaneous values of iFR or dPR. Current algorithm provided falsely lowered or elevated instantaneous values of iFR or dPR in improperly detected cardiac cycle.
To date, the current ECG-independent algorithm, which has been used in commercialized consoles, uses the slope of pressure curves to define one specific heart cycle. Based on the slope of this pressure curve, the current algorithm defines adaptive bar sizes, and this bar then determines where the algorithm selects the candidate region for selecting the diastolic period. As bar size is determined by the length of the previous heart cycle, it is vulnerable to missing the next heart cycle, especially in the presence of irregular heartbeats or tachycardia. This potential limitation might be problematic in calculating iFR or dPR, which depend on the identification of a specific period during the entire heart cycle in the presence of irregular heartbeats or tachycardia. However, no previous study has presented details about the ECG-independent algorithm, nor has the reliability of this algorithm in calculating iFR or dPR been evaluated.
In this regard, we sought to develop a new ECGindependent algorithm which possessed higher detection rates, even in the presence of irregular heartbeats. The new algorithm is fundamentally different from the previous one in selecting peaks and valleys of pressure, which are selected using specific threshold values decided by an adaptive filter throughout the pressure tracing. As the threshold value is adaptively changed according to the pressure level, and previous heart cycles do not influence the process for the next heart cycle, this algorithm can select peaks and valleys, even in the presence of irregular heartbeats. In the first raw, current algorithm detected a diastolic period in a wrong position around the dicrotic notch, while the new algorithm detected proper diastolic period throughout all cardiac cycle. The current algorithm provided falsely lowered value of iFR or dPR in improperly detected diastolic period. The second row shows missing cardiac cycle detections in patients with PVC. Current algorithm could not detect the cardiac cycle after PVC. Third row shows patients with both wrong and missing detection of diastolic period in patients with PVC. In current algorithm, first 2 cardiac cycles were not detected, and the algorithm detected wrong period in the third cardiac cycle. iFR and dPR values was falsely elevated due to improper selection of diastolic period using current algorithm. Abbreviations: WD, wrong detected heart cycle; MD, missing heart cycle detection.
When both iFR and dPR values were compared between the current and new algorithms, there was no significant difference in iFR and dPR values, and the mean differences were only −0.0009 and −0.0004, respectively. Both algorithms provided nearly identical values of iFR and dPR with comparable discrimination ability and diagnostic performance to predict functionally significant stenosis defined by FFR. However, the new algorithm showed significantly higher detection rates than the current algorithm. Of note, detection rates of the current algorithm were substantially decreased, from 92.0% to 59.5% (per patient) or from 97.2% to 84.3% (per unit-heartbeats), in the presence of AF or multiple PVCs. This means that for every 10 patients, 6 will show missed heartbeats, or 1 in 5 heartbeats will be missed in calculating iFR or dPR values, when AF or multiple PVCs are present using the current ECG-independent algorithm. In contrast, the new ECG-independent algorithm showed 83.8% and 90.3% of detection rates (per patient and per unit-heartbeats analysis, respectively), even in the presence of AF or multiple PVCs. Considering that FFR uses whole-cycle average values and thereby less influenced by the presence of irregular heartbeats, application of the new ECG-independent algorithm would provide more reliable calculation of iFR or dPR without significant loss of pressure signals in the presence of irregular heartbeats.
It should be noted that another resting physiologic index, RFR, does not require specific identification or selection of the diastolic period, since RFR uses the lowest instantaneous resting Pd/Pa over entire heart cycle [8] , [9] . Nevertheless, this does not preclude the importance of developing a more reliable ECG-independent algorithm, considering the limited penetration of commercialized RFR consoles worldwide. In view of the current limited application of physiologic interrogation despite numerous evidences supporting its clinical benefit, adoption of resting physiologic indices with a more reliable calculation algorithm might enhance the adoption rate of invasive physiologic assessment in daily clinical practice [9] . Some limitations should be acknowledged. First, this was a retrospective study, and resting physiologic indices were calculated off-line in the independent physiology core laboratory. Second, the current study did not focus on the clinical outcomes of lesions according to resting physiologic indices calculated using either algorithm. Third, FFR was used as reference test to compare discrimination ability and diagnostic performance of iFR or dPR between the current and the new ECG-independent algorithm. Fourth, clinical relevance of the new ECG-independent algorithm in resting pullback tracings (iFR Scout or dPR pullback) have not yet been evaluated.
V. CONCLUSION
In conclusion, while the new ECG-independent algorithm showed comparable diagnostic performance with the current algorithm for both iFR and dPR, it demonstrated higher detection rates than the current algorithm, even in the presence of irregular heartbeats. The new ECGindependent algorithm may provide superior detection rates of the diastolic period in calculating resting physiologic indices (iFR and dPR), especially in the presence of AF or multiple PVCs.
